11
In a report issued to the UK government in 2007 on the Randomised Badger Culling Trial (RBCT), 12 it was stated that the incidence of bovine tuberculosis (TB) in cattle increased in areas 13 surrounding where badgers were removed. It is known that badger culling perturbs badgers and 14 this leads to increased TB transmission in and around these treated areas. The increase in TB in 15 the surrounding areas was attributed to this process.
17
In this study of the RBCT analysis it was found that large TB increases in areas surrounding 18 proactively treated areas depended heavily on adjustments made for pre-cull history. This work 19 looks at the basis for applying these adjustments. Since it is not possible to remove statistical 20 error in the data, which confidence intervals suggest may have been large, it is argued that it 21 was unsafe to apply these adjustments. As such it is argued that TB increases due to 22 perturbation in the report presented to the UK government in 2007 may have been over-23 estimated. 24 25
INTRODUCTION 26
Badger perturbation is the change in badger behaviour when badger populations are culled 27 (Gibbens N, 2013) . Badgers relocate as a consequence of badger removal and this has a negative 28 impact on TB incidence due to increased contact between badgers. Randomised Badger Culling 29
Trial (RBCT) findings have significantly influenced the perception of badger perturbation 30 (Imperial College London, 2014) . Almost all the 'evidence' for perturbation in badgers comes 31 from the RBCT (Gibbens N, 2013 NB was divided by 3 to give annual incidence for the 3-year historic precull period. 59 60
These calculated values are shown plotted in Fig. 1 below. 61 The number of months in the during-cull periods were calculated from the treatment-years taken 81 from Jenkins HE, Woodroffe R, Donnelly CA, 2010. In the two post-cull periods, these numbers 82 were taken from the overall post-cull triplet-years given to be 14.3 in Jenkins HE, Woodroffe R, 83 Donnelly CA, 2008b. The duration of each of these post-cull periods was confirmed in email 84 correspondence with Donnelly CA during August 2016. The periods are described in Tables 1  85  and 2 The 95% confidence intervals are large so the plotted values are expected to be subject to large 115 statistical error. 116 117 118
Adjustment for history 119
When an applied effect is referenced to a survey-only area, the overall disease profile in the 120 survey-only areas needs to be comparable to that in the areas where the effect is being 121 investigated. To account for any difference, incidences in the two areas can be adjusted so that 122 they are referenced to the same historical precull reference. Such an adjustment would be valid if 123 the statistical error is so small as to render the results to be independent of sample taken. It is 124 better if this adjustment is zero in cases where statistical error may conceivably be large. 125
Otherwise doubts will exist as to the source of the mismatch. Indeed as can be seen in Fig Although there may be doubt as to the origin of the mismatch in the outer 2km ring, the cull 138 benefit, B, as a percentage for each period can now be calculated as follows. 139 140
where Iadjusted subject = Isubject + Δ 143 Isubject = incidence as a percentage of the number of baseline herds which were 144 new incidents in the subject area where subject area is either the treated 145 area or the outer 2km ring 146 Δ = applied adjustment = (Iprecull survey -Iprecull subject) / 2 147
Iprecull survey = incidence in the precull period in the survey area. 148
Iprecull subject = incidence in the precull period in the subject area 149
Iadjusted survey = Isurvey -Δ 150 In the graph on the right both sets of results were adjusted to account for the 3-year pre-cull 166 histories. The ISG analysis used a regression model with extra-Poisson overdispersion to account 167 for increased variability (Donnelly CA et al, 2006) . Fig. 6B shows that after adjustment 168 substantial differences remain between results from calculations described in the above steps and 169 the results presented by the ISG when using their model. 170 171 Fig. 6B implies that adjusting incidences as indicated above applies a bigger adjustment than 172 applied by the ISG in their model analysis. As outlined above, the applied adjustment was 173 calculated by taking the difference between precull incidences in the subject and survey areas. 174
This adjustment accounted for the number of baseline herds and the number of breakdowns in 175 those herds. The reason for the remaining mismatch may be because the ISG adjusted for a third 176 quantity or the ISG applied an adjustment which was less than the full difference. Fig. 7 below  177 shows the match when the applied adjustment is multiplied by a factor of 0.7. 178 179
Hopefully further examination of issues and comments received as a result of submitting this 180 article will lead to clarification of why use of this factor was necessary to achieve a better match. 181 182 192 193 RBCT conclusions are no doubt influenced to a certain extent by the large detrimental incidence 194 increase in the cull3 period in Fig. 8 which in subsequent analysies has been found to be 195 considerably smaller as can be seen by the point on the black line in Fig. 8 In general, statistical confidence will improve both from 227 228  increasing the time period over which data is accrued to give each point in the analysis 229 for a given area, and by 230  increasing the area (and hence number of herds and associated breakdowns) over which 231 data is accrued for a given time period. 232 233
Conditions for arriving at a pre-cull reference from which to calculate culling benefit should be 234 such that no adjustment should be necessary to account for mismatch in incidence in the area 235 under investigation and the survey area if potential statistical error is large. Otherwise it will not 236 be known if the mismatch is due to statistical error or a difference in disease profile in the two 237 areas. In the RBCT analysis, the area over which perturbation was most strongly observed (i.e. 238 the outer 2km rings) is to a certain extent fixed. This is due to the need to avoid area overlap and 239 the proximity of each area in each triplet. The area is also limited because the impact of 240 perturbation diminishes with increasing distance from the treatment boundary. Indeed the ISG 241 reported that when results from the first follow-up cull were analysed, no evidence was found of 242 an effect when the rings were extended to 3 kilometres. Also when the first year is included, 243 incidence increase was found to be statistically insignificant in that 3 kilometre ring. This may be 244 largely due to reduced statistical error from that seen in the 2 kilometre ring. However if 245 statistical errors are not a problem, a 2 kilometre ring may be better to observe what the ISG 246 attributed to perturbation. 247
This only leaves the ability to change time period in order to improve statistical confidence in the 249 result. In order to establish a representative pre-cull reference, disease incidences in the total area 250 under investigation and the total survey area should match as explained above. This requires two 251 criteria to be met. The two areas disease profile must match. Another words the susceptibility and 252 exposure to disease in both areas must be the same. The time period over which data is accrued 253 must also be long enough for disease incidences to become immune to variation due to sampling 254 and small sample size i.e. statistical error. In order to achieve the first criteria, the RBCT total 255 area was taken from ten widely separated 100 km2 areas located in different counties in Western 256
England. Regarding achieving the second criteria, the time period used to arrive at this reference 257 was taken to be 3 years. In view of the nature of the data shown in Fig. 4 Figure 9 . 3-year, pre-cull, confirmed, new herd incidence (%) and associated 95% 271 confidence intervals in the outer 2km ring (A) and its survey area (B). 272 273
The 95% confidence intervals shown in the above graph merge. As such there is significant risk 274 that the large difference between incidence in the outer 2km rings (4.09%) and the incidence in 275 the survey-only areas (5.61%) may be largely due to statistical error. Benefits of analysing more extensive data 326
Now that more data has become available since culling ended, it is now possible to present 327 results using longer time periods to help reduce statistical error. The results obtained from the 328 following analysis will give a considerably clearer picture of cull benefit than presented to-date 329 in Donnelly CA, 2013 which uses very short 6-month periods. 330 331  Present results without adjusting for precull levels. It is possible references did not match 332 due to statistical error rather than differences in disease profile. If profiles did in fact 333 match the adjustment made by the ISG (and perhaps the ongoing analysis in Donnelly 334 CA, 2013) would have skewed the results. If these historical adjustments were to be 335 removed, the large perturbation effects presented by the ISG would reduce substantially 336 as can be seen by comparing Fig. 5B with Fig. 4B . As such the adjustment had pivotal 337 impact.
338
 Plot results against calendar date without time-shifts. 339
 Carry out an analysis using prevalence data as well as incidence data. Karolemeas K et al, 340 2012 concluded that RBCT badger culling strategies are unlikely to reduce either the 341 prolongation or recurrence of future breakdowns in the long term. However including 342 prevalence data would not only add to data used and hence give welcome reassurance on 343 account of concerns regarding statistical error but would also offer a more revealing 344 measure of the impact of badger culling on herd breakdowns which persist. Such impact 345
is not shown in an analysis of incidence. 346
